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ABSTRACT 
 
 
 
 
A common use for reactive metals is adding them to applications involving 
propellants and explosives to improve energy density and overall energy output. 
A newer application for the use of reactive metals is in warhead casings. Reactive 
metals provide the ability to boost performance in blast parameters such as peak 
overpressure and blast impulse. A strong contender for this application is 
aluminum because of its high combustion enthalpy, but current aluminum blast 
casings do not expend much of this stored energy. Aluminum casings also tend to 
create fragments that are too large to ignite and provide blast enhancement. The 
objective for this study is to find the most opportune methods to improve 
reactivity in aluminum based structural energetic materials. This will be done by 
testing different alloy structures and various material inserts in structured 
explosive experiments. This study will also utilize heavy end confinement for all 
tests while also taking multiple pressure measurements, high speed images, and 
spectroscopic images in order to decide the performance improvement from each 
casing.   
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CHAPTER 1 INTRODUCTION 
 
 
 
1.1 Motive for Research 
There continues to be a need to improve reactive materials to increase energy 
output for numerous applications.  The most common area of research revolves 
around the addition of reactive materials directly to high explosives (HE) for 
utilization in solid propellants and explosives that require great energy density [1] 
[2]. Another realistic use of reactive materials involves using structural 
confinement energetic materials to surround high explosive and increase the 
performance of blast warhead casings. Generally, warheads utilize a steel casing 
because of its density and structural properties. Steel cases are beneficial when the 
application requires significant fragments because of the high kinetic energy 
imparted to the steel fragments when placed under explosive conditions [3]. 
However, it does not provide any blast enhancement and even limits the system 
output. The large steel fragments acquire so much kinetic energy from the HE that 
they limit the damage caused from the initial blast wave.  
There is an opportunity to create casings from structural energetic materials 
that can also add energy to the blast wave by early fragmentation and reactive 
interaction with oxygen in the ambient atmosphere. A great use of this type of 
casing would be against targets involving bunkers and structures that are buried 
underground. A metal with the potential to provide blast enhancement is 
Aluminum. It has a high combustion enthalpy, is safe for humans to handle, and is 
readily available. The energy output from oxidation to aluminum oxide of 31 kJ/g 
is large for its light density. When Aluminum is measured against conventional 
explosives like TNT, RDX, and HMX, it is clear that even achieving a fraction of 
oxidization of the case should show performance enhancements. 
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Table 1.1 Comparison of Specific Energy of Common Explosives to Aluminum 
[4], [5], [6] 
 
Some of the limitations include its difficulty to ignite and its longer burning 
times compared to high explosive. These issues mean that only about 5-10% of 
the potential energy available from Aluminum is converted when it is placed 
under explosive loading [7] [8]. Aluminum fragments from the explosion will 
reduce energy away kinetically from the blast, if they are too large to ignite. The 
ultimate goal of this study is to improve general understanding of aluminum 
structural energetic materials for enhanced blast warheads by providing new blast 
data through structured experiments.  
 
1.2 Metrics to Determine Casing Performance 
Anytime a high explosive material ignites, it experiences a sudden, exothermic 
chemical breakdown that produces heated gaseous products in the timescale of 
microseconds. The list of products typically consists of carbon monoxide (CO), 
carbon dioxide (CO2), hydrogen (H2), water vapor (H2O), and nitrogen (N2). This 
production of gases generates a shock wave with a detonation velocity in the 
range of 4-9 km/s [4]. The majority of the damage inflicted by high explosives 
results from this initial blast wave. Items near the high explosive will feel a rapid 
increase in pressure and then a decrease in pressure to below ambient as seen 
below in Figure 1.1.  
Molar Mass Detonation Enthalpy Combustion Enthalpy
(g/mol) (kJ/g) (kJ/g)
TNT 227.13 4.47 15.01
HMX 296.15 5.00 9.43
RDX 222.15 5.03 9.45
Aluminum 26.98 N/A 30.9
Material
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Figure 1.1: Diagram of a typical initial blast wave 
The area under the curve from the arrival of the blast wave to the point it drops 
below ambient is known as the positive phase impulse of the initial blast wave 
(Blast Wave Impulse). The positive phase impulse provides data on the change in 
momentum transferred to items near the blast wave. It also decays at a rate of 1/r2, 
where r is the distance from the original detonation point. The time of arrival 
helps determine the speed at which the blast wave travels over a specified 
distance. In most blast applications, the three most significant metrics are time of 
arrival, peak overpressure, and positive phase impulse.  
  Another metric for casing performance is the quasi-static pressure (QSP) 
that is created from the ignition of the high explosive. In a closed environment of 
constant volume, like the blast chamber used in this study, the high explosive will 
produce an increase in the ambient pressure. This increase in ambient pressure is 
able to be defined about 100 milliseconds after detonation of the high explosive 
once the chamber has reached a steady state pressure. The QSP provides 
information about the total energy release of the high explosive and casing during 
the explosive event. This can be done by assuming the chamber is unvented and at 
a constant volume with a known ambient pressure. The pressure trace from the 
explosive test provides the QSP of the event which allows calculation of a change 
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in pressure, ΔP. The other known variables include the ideal gas constant, R, the 
mass of the gas in the chamber, mgas, and the volume of the chamber, Vchamber. The 
ideal gas equation is then used to determine the change in temperature resulting 
from the pressure increase as given in Equation 1.1.  
    ∆𝑇 =
∆𝑃 𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟
𝑚𝑔𝑎𝑠 𝑅
                    (1.1) 
       This change in temperature allows for the total energy release of the 
explosive to be calculated using Equation 1.2 below. Note that the value for the 
specific heat of the gas in the chamber, cv, is taken from the gas before the 
explosive event occurs.  
    𝐸𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑚𝑔𝑎𝑠𝑐𝑣∆𝑇        (1.2) 
If the specific energy release is a more desirable parameter to compare 
between tests, simply dividing the energy output by the mass of the energetic 
material provides the specific energy release from tests. The best part of this 
calculation is that it only uses two equations. The downside of this calculation is 
that there are several assumptions made to allow the use of this formula. A major 
assumption is that there is negligible heat loss to the surrounding environment 
such as the walls of the chamber. This usually tends to be valid since the 
measured time scales are so small. It is also a stretch to accept the fact that the 
specific heat remains constant during the entire test. Previous studies have shown 
the specific heat of air at constant volume changes around 3% in combustion 
experiments [9]. This change can be factored in by using an integral analysis, but 
it will not drastically change the final results.  
The final important assumption made is that the gas remains ideal throughout 
the test. It is true that the chemical makeup of the gases will change during the 
test, but the difference in volume due to this change is minimal when compared to 
the total volume of the chamber. The explosive used for these tests was PBXN-9 
which is comprised of 92% HMX, and that creates 927 L/kg of reaction gases. At 
the level of 20 g of explosive, a mere 18.6 liters of gas is formed in a chamber of 
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1812.3 liters. This amounts to only a 1% increase which can be considered 
minimal. 
 
1.3 Primer for Reactive Casing Combustion 
Before continuing with the experimental setup and testing results, it is important 
to cover explosive casing mechanics which involves fragmentation theory and 
aluminum combustion. Others have defined the main parts of reactive casing 
combustion as, 1) pre-fragmentation where the casing is heated, 2) fragmentation 
and the expansion of the casing, and 3) ignition and combustion of fragments 
[10]. The subsequent subsections will offer a primer into these subjects as they 
relate to reactive casing combustion. 
 
1.3.1 Initial Casing Expansion and Heating 
Within microseconds of the high explosive being initiated, the solid changes its 
internal energy into a rise of the pressure and temperature. The casing is loaded 
with large strain rate loadings on the scale of 104/s-105/s which causes essentially 
instant expansion [11]. The common mechanisms of deformation during the 
expansion of the cylinder casing are based off of the material properties of the 
casing itself. The list of potential mechanisms includes adiabatic shearing, ductile 
fracture, plastic necking, and void nucleation [12] [13] [14] All of these 
deformation mechanisms also cause the casing to increase its temperature. This is 
beneficial to reactive casings because it begins the process of fragments moving 
towards ignition.  
 
1.3.2 Natural Casing and Fragmentation Expansion 
Immediately after the initial expansion of the casing, fracture points usually occur 
in a random manner. N.F. Mott [11] [15] curved out experiments involving the 
natural fragmentation of explosively loaded cylinders. He was able to generate a 
fragmentation model that was based on statistics. He used what is called a Mott 
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cylinder depicted in Figure 1.2. The general goal of Mott and his model was to 
capture the common fragmentation methods in a simplified theory. It starts with a 
1-D assumption and ignores combustion of fragments. These notions are clearly 
inaccurate, yet most modern fragmentation models still start with the Mott model. 
Once the high explosive is initiated, a casing feels even stretching from 
circumferential tension. At varied points of fracture, the tension is released in 
waves (Mott waves) which travel way from the fracture point. Once two distinct 
Mott waves occur, a cylinder piece cannot be stretched or loaded and has become 
a fragment driven by the products of the detonation. The size of these fragments is 
then determined by the speed of the detonation wave and the continuous plastic 
straining of the casing. Low strain rates mean the detonation wave dominates 
fragment variation while weak fracture points drive fragment variation at high 
strain rates. The mathematical analysis of this theory is found in references [11] 
[15] [16]. 
 
Figure 1.2: Mott cylinder for fragmentation (L) Casing before Initiation (R) 
Casing just as fragmentation begins. (Based on [11]) 
 The shortcomings of the Mott model have previously been stated. The 
main limitation was the assumption that fractures do not dissipate large amounts 
of energy and that it occurs instantly. This has since been proven invalid by two 
researchers, Grady and Kipp, who created a variation of Mott’s model that was 
centered around energy based fragmentation. It factors in fracture energy 
dissipation as well as important material properties like fracture toughness [17]. 
Grady later improved the model to marry together the statistical and energy based 
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fragmentation models and found reasonable agreement with experimental data 
[11] [18]. 
 It should be stated that most of the theory covered above dealt with 
fragmentation of steel casings. Work has now been performed with aluminum 
rings that were expanded electromagnetically. Grady and Benson accomplished 
ring expansion studies of Al 1100 and revealed that the ductile material tended to 
follow Mott’s statistics based theory more so than the energy based theory [19]. 
The other issue with these theories is that the rings are mostly less than 1mm 
thick. For usual applications, such as the current study, the thickness is closer to 
2-5 mm. So, the use of these theories for our experiments is likely not warranted. 
 As fragments from a casing accelerate away from the initial blast wave, 
almost all are affected further by drag. Anything with diameters larger than 1mm 
should experience marginal drag and would travel faster than smaller particles. 
These larger particles are slower to burn and may only ignite when they impact 
the walls of the chamber. This would contribute to an increase in the QSP of the 
test. Smaller particles do however experience significant drag and could be moved 
with the blast wave. The smaller size of these fragments also means they will 
ignite and burn faster which could increase the initial blast wave. A potential issue 
is the relative spacing of these fragments. If they are too close together, then they 
will vie with each other for the ambient oxidizer and potentially extinguish further 
fragment combustion. This requires further discussion on fragment size variation 
and its application to combustion. 
 
1.3.3 Combustion Primer for Aluminum Reactive Casings 
It has been stated above that Aluminum can be considered quite energy dense 
when compared to other fuels. It also has the capability to oxidize in surrounding 
environments of oxygen, water vapor, carbon monoxide, and carbon dioxide 
which is attractive for explosive applications. Aluminum can easily be added for 
most applications, with a minor effect on weight.  
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The “global” reactions that aluminum oxidation tends to follow during 
detonation of high explosives can be seen below [4]. 
  1.5𝑂2(𝑔) + 2𝐴𝑙(𝑠) → 𝐴𝑙2𝑂3(𝑠), ∆𝐻𝑐 = −1590𝑘𝐽  (1.3) 
 
3𝐶𝑂2(𝑔) + 2𝐴𝑙(𝑠) → 3𝐶𝑂 (𝑔) +  𝐴𝑙2𝑂3(𝑠), ∆𝐻𝑐 = −741𝑘𝐽 (1.4) 
 
 3𝐻2𝑂(𝑔) + 2𝐴𝑙(𝑠) → 3𝐻2(𝑔) + 𝐴𝑙2𝑂3(𝑠), ∆𝐻𝑐 = −866𝑘𝐽 (1.5) 
 
 3𝐶𝑂(𝑔) + 2𝐴𝑙(𝑠) → 3𝐶(𝑠) + 𝐴𝑙2𝑂3(𝑠), ∆𝐻𝑐 = −1251𝑘𝐽  (1.6) 
 
 The highest heat of combustion occurs when aluminum reacts with pure 
oxygen (Equation 1.3) followed by reaction with carbon monoxide (Equation 
1.6). Aluminum reacting with carbon dioxide (Equation 1.4) and water vapor 
(Equation 1.5) yield less energy, but not negligible amounts. At room 
temperature, aluminum will rapidly oxidize and create an outer oxide layer of a 
couple nanometers thick that must be melted or fragmented before reaction with 
the inner aluminum. This is an issue and leads to delays in ignition since the 
melting temperature of the oxide is 2350 K. But, for the applications relevant to 
this study, the oxide layer would only form on the outer part of an aluminum 
casing. This means that fragments from the initial explosion would be considered 
clean aluminum without an outer oxide layer and should begin to react at 930 K 
which is the melting temperature of aluminum. 
 Fragment diameter is the next item to consider with aluminum 
combustion. This decides how the fragments combust and also the time it takes 
for them to burn. Particles larger than 20µm burn in a classic diffusion-limited 
manner in which a vapor layer forms and creates a separate flame front away from 
the surface of the particle as seen in Figure 1.3 [20] [21] [22]. This combustion 
regime follows the “D2 law” which states the burn time scales with the square of 
the diameter of the droplet [23]. A common correlation for aluminum particle 
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burn times is D1.8T-0.2P-0.1X-1 from Beckstead where X is mole fraction of 
oxidizer, P is pressure, T is temperature, and D is particle diameter [24]. This 
correlation gives a dependence of 1.8 to the diameter and small affects to the 
temperature and pressure. It is based off of data from several different studies. It 
also forecasts aluminum to burn twice as fast in oxygen compared to water vapor 
and five times faster when compared to carbon dioxide. With these slower burn 
rates, aluminum fragments in the product species will not release energy rapidly 
enough to contribute effectively to the blast. The larger fragments also travel 
faster than smaller fragments, which limits the time they are in the blast zone. 
This means they may not reach a significantly high temperature to effectively 
contribute to the blast enhancement.  
 
Figure 1.3: Diagrams that illustrate the flame structure and temperature profiles 
for different types of aluminum particle combustion (From [20]; Bazyn, et al. 
2007) 
 Once the particle size moves below 10 µm, the combustion tends to move 
away from the classic D2 model for particle combustion. Figure 1.3 illustrates 
how the detached flame travels nearer to the surface of the particle because the 
diffusion of oxygen to the surface increases with respect to the aluminum reaction 
rate. This transitional region occurs when the particle size is between 3-11 µm. 
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Particle diameter begins to have less of an influence on burn times while pressure 
and the oxidizer increase in importance [25] [26]. Temperature continues to have 
a minor effect on the burn time.  
 Once particle sizes reach nanoscale sizes less than about 100 nm, the 
combustion becomes kinetically limited. The last part of Figure 1.3 exhibits the 
“shrinking core” model where oxidation of aluminum is essentially at the surface 
of the particles. There becomes a point where oxygen transits past the outer shell 
of the particle and begins to react with aluminum inside of the particle. Particles 
in this regime will burn the fastest and ignite at lower temperatures, even though 
the actual temperature they burn does not change considerably. Studies have 
shown the burn times for nano aluminum particles depend more on the ambient 
temperature than microsized particles [27]. Overall, the smaller particles contain 
the most benefit for the application of enhancing explosive blast waves. For the 
chamber used in this study, the blast wave typically hits the walls in about 1 
millisecond (to be detailed later). Figure 1.4 shows experimentally obtained 
aluminum burn times from Beckstead and Bazyn [24] [28]. This illustrates that 
particles will need to be less than 20 µm in order to contribute to the blast wave.  
 
Figure 1.4: Illustrates burn times as a function of particle diameter from 
experiments by Beckstead [24] and Bazyn [28] (From [29]; Lynch 2010) 
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Despite the comprehensive overview of aluminum combustion, there are still 
several unknowns and additional parameters that could affect burn times and 
energy release of aluminum casings. Current correlations are not able to factor in 
the interaction of multiple oxidizing species at varying temperatures. Convection 
as a source of particle heating also remains unknown. Another issue is that models 
only currently consider single particle combustion and do not factor in how 
ignition of particles in close proximity affect each other.  
 
1.4 Previous Work 
Most work related to structural energetic materials found in literature has been 
funded through the Defense Threat Reduction Agency (DTRA) Advanced 
Energetics program. The general method in these studies has been to compare 
steel and reactive structures that are filled with novel and traditional energetic 
materials. Wilson et al. demonstrated a 20% increase in the impulse and peak 
overpressure of inert steel casings when they were filled with novel energetics 
compared to conventional explosives of TNT and PBXN-109 [30]. When 
replacing the steel casing with a reactive casing, the impulse and peak 
overpressure showed performance 60% better. The test results can be seen below 
in Figure 1.5. 
 
Figure 1.5: Data from Wilson et al. demonstrating relevance of novel fills and 
structural energetic casings. (From [30]; Wilson, et al. 2009) 
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In more current research, Kim et al made an argument that there are two 
different types of reaction modes: impact induced reaction (IIR) and fine particle 
reaction (FPR) [10]. IIR occurs when fragments that did not react in the blast zone 
are forced away with increased momentum. They impact nearby walls and react 
on collision which adds to the complete energy release. This mode can be 
quantified when comparing the quasi static pressure between tests. FPR is viable 
when particles are small enough to burn rapidly and contribute to the initial blast 
wave. This mode is seen in variations of the peak overpressure and blast impulse. 
Kim’s work showed that a material they called “SEM-1” performed comparably 
to steel during tests outdoors. However, in a confined setting the initial blast wave 
from “SEM-1” was similar, but total energy release was larger. This was 
attributed to IIR [10]. 
The most recent research related to this study was performed by Clemenson 
and Glumac here at UIUC, where they performed a series of 48 experiments to 
help determine the factors that help increase reactivity in aluminum based 
structural energetic materials [31] [32]. Clemenson found that an Al 6061 baseline 
casing in an environment of only 6% oxygen provided only minimal increase in 
pressure. This shows that the reactive casing is mostly aerobic combustion with 
the surrounding oxygen in the atmosphere and emphasizes the amount of mixing 
required in early time frames in order achieve increased blast performance. The 
casings that performed the greatest throughout the study involved one of two 
different things. The top performers either contained a reactive material addition 
of magnesium or lithium, or they had tungsten mesh infiltrated inside the casing. 
The reactive material additions lowered ignition temperatures and the embedded 
tungsten mesh cases were able to intensify turbulent mixing around the casing 
immediately after detonation. The other noteworthy concept quantified by 
Clemenson was the effect of end confinement on results. End confinement 
involves how the casing is held on the top and bottom. It determines how much of 
the energy from the high explosive is allowed to escape from the top and bottom 
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without affecting the casing. PVC confinement meant there was no confinement 
on the top and bottom of the casing while heavy confinement allowed less energy 
to escape through the ends. Measurements found that heavy confinement 
increased the peak overpressure of tests by around 10% when compared to 
minimal end confinement. The more concerning factor was in the total energy 
release where heavy confinement increased the QSP by over 300% [31]. The 
comparison showing the increase in overall energy release is shown in Figure 1.6. 
Note some of this could have been attributed to additional IIR, but it illustrates the 
importance of the end confinement for reactive casings. The heavy confinement 
design utilized for this test series will be described in the next section. 
 
Figure 1.6: Comparison of energy release using different end confinement (From 
[31]; Clemenson 2015) 
1.5 Experimental Objectives 
Previous work has demonstrated that there are certain additions to aluminum 
based structural energetic materials that significantly improve performance. 
However, there has not been a parametric study that compares reactivity of 
different enhancements with a consistent heavy end confinement. Also, little or no 
studies on the scalability of casings has yet to be carried out. The main thrust area 
of this application-driven study is to complete structured blast experiments that 
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determine the scalability of casing enhancements found to maximize performance 
from work performed by Clemenson [31]. This will be done by manufacturing 
and testing cases with a mass of 40 grams and using 20 grams of HE in order to 
keep a 1:2 charge to mass ratio, consistent with Clemenson. All tests will utilize 
heavy end confinement in order to keep end effects consistent throughout the 
study. Blast measurements, high speed imaging and spectroscopy will by gathered 
to determine casing performance. The most important parameters measured will 
include blast impulse, quasi-static pressure, and peak overpressure. Imaging and 
spectroscopy will be utilized qualitatively to provide further explanation to 
results. The study will also examine the results of annealing, alloy variation, and 
insert variation when compared to an aluminum baseline. The ensuing chapter 
will provide detail on these objectives and also the experimental methodology. 
The results and measurements will then be presented followed by summarized 
conclusions from the study. The final sections will provide recommendations for 
future work. 
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CHAPTER 2 EXPERIMENTAL METHODS 
 
 
2.1 Variations of Reactive Casings 
The established baseline for this study was the aluminum defined as, Al 6061 
annular casings. Al 6061 is a precipitation hardened alloy and contains 0.5-1% of 
magnesium and silicon. It is a common aluminum alloy for general use because of 
its mechanical properties, weldability, and is easily extruded. Modifications to 
this baseline were attempted in order to further determine what properties provide 
the best benefit to blast enhancement of aluminum reactive casings. Only one 
modification from the baseline was made for each casing in order to directly 
correlate results to the specific modification. These improvements could be linked 
to increases in the blast wave impulse or the QSP. The charge to mass ratio was 
kept constant at 1:2 throughout in order to stay consistent with previous work by 
Clemenson [31]. Each test utilized 20 grams of PBXN-9 high explosive. 
Consequently, the reactive casing weighed close to 40 grams. The four variation 
groupings selected for these experiments involved annealed aluminum casings, 
aluminum alloys of different composition, tungsten insert modifications, and 
stainless steel insert changes. All of these reactive casings were referenced to the 
original baseline casings to make comparisons. Specimens of the different 
modifications are shown in Figure 2.1. 
 
Figure 2.1: (a) Al6061 Baseline, (b) Tungsten Insert, (c) Stainless Steel Insert 
16 
 
2.1.1 Baseline and Annealed Aluminum 6061 Cases 
It was vital to establish a reactive material baseline in order to evaluate which 
variations provided the most improvement in performance. There were several 
reasons for the baseline to be Aluminum 6061. These include its aluminum 
content (95%), easy machinability, and low cost. There were two different Al 
6061 baseline cases tested throughout the study to ensure repeatability of tests.  
 Two additional Al 6061 baseline cases were fabricated for annealing. 
Annealing is a common metallurgical process that involves heating a metal and 
then letting it cool slowly in order alter the physical properties of the metal. Two 
cases were annealed at a temperature of 750 ̊F for two hours and then allowed to 
cool at a rate of 50 ̊F per hour until they reached room temperature. This process 
increased the casing ductility, and allowed us to determine the effect of material 
hardness on blast performance. Important dimensions and masses of the reactive 
baseline and annealed cases are shown below in Table 2.1. 
Table 2.1: Physical Properties of Baseline and Annealed Casings 
 
2.1.2 Alloy Variations 
For the longest time, metallurgists have utilized alloying techniques in 
attempts to modify structural properties of different metals. It has become popular 
to use alloying techniques in order to improve performance of structural energetic 
materials [33] [34] [35] [36]. An important aspect of this study was to determine 
performance improvements resulting from simple alloying procedures. These 
alloys were of the commercial and custom variety. Details of each variation and 
the reasons for their use are presented below. 
Al 7075 Commercial Alloy 
Casing Inner Diameter Outer Diameter Casing Height Casing Mass
Material (mm) (mm) (mm) (g)
Baseline 1 25.476 38.354 23.190 39.69
Baseline 2 25.527 38.405 23.266 39.85
Annealed 1 25.451 38.227 23.216 40.01
Annealed 2 25.552 38.176 23.139 39.78
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The aluminum 7075 commercial alloy is 87-91% aluminum with 5-6% 
zinc and 2-3% magnesium. The zinc allows the alloy to be denser than other 
aluminum alloys, but it also has a yield strength that is much higher than 
aluminum 6061. It also has a smaller fracture toughness compared to Al 6061. It 
is because of these material properties that aluminum 7075 was tested. Also, it is 
theorized that the alloy will yield smaller fragments which will ignite easier and 
burn. 
Al 2024 Commercial Alloy 
The aluminum 2024 aluminum alloy is 91-94% aluminum with 4-5 % 
copper and 1-2 % magnesium. Similar to 7075, aluminum 2024 is denser and has 
a higher yield strength than 6061. However, it has a similar fracture toughness to 
aluminum 6061. This means that it will most likely produce fragments that are 
similar size to the fragments of 6061.  Testing this alloy will help distinguish the 
importance of fracture toughness on casing performance.  
Al 7068 Commercial Alloy 
 Developed by Kaiser Aluminum, the aluminum 7068 alloy was developed 
to have better strength and corrosion resistance [37]. It is somewhat denser than 
most aluminum alloys at 2.85 g/cm3 and is 85-88% Aluminum. It has a tensile 
strength that is twice that of Al 6061 and half of the fracture toughness. These 
properties lead one to believe that it will fracture in a similar way to a brittle 
material like steel in the transverse (radial) direction. The main reason for using 
Al 7068 is that it was believed it would yield smaller fragments, which would 
ignite earlier and burn more readily improving performance. 
Al 5083 Commercial Alloy 
In comparison to the previous alloy, Al 5083 Commercial alloy has a 
higher fracture toughness when compared to Al 6061. It is about 95% aluminum 
with 5% magnesium. The magnesium additive increases the casing ductility, and 
should lower the ignition temperature of the aluminum. It also creates a two-stage 
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combustion event where the magnesium ignites rapidly and aids the burning of 
aluminum [38]. 
Al-Mg Alloy 
The one, in house alloy manufactured was an aluminum-magnesium 
combination. The magnesium content for these cases was 10% by mass and 
created to increase the amount of magnesium in the casing that would aid 
aluminum combustion. The casing would preferably keep similar structural 
properties as before it was cast, but increase its reactivity. It was created through 
sand casting in house. Important dimensions and masses of alloy variation cases 
are shown below in Table 2.2. 
Table 2.2 Physical Properties of Alloy Variation Casings 
 
2.1.3 Tungsten Insert Variation 
The best geometric modification from Clemenson involved the addition of a 
tungsten mesh implanted into the middle radius of the casing. The idea of the 
mesh was the assumption that shock focusing in the holes of the mesh occurs as 
the shock traveled through the casing. Shock focusing causes focused heating and 
incites turbulent mixing, which should lead to more rapid aluminum reaction. The 
high density of tungsten with respect to aluminum create an impedance mismatch 
and causes reflected shocks to interact in the casing. The mesh size used was 
purchased from Unique Wire Weaving Co. It was a plain weave of 100 x 100 
wires per inch with a wire diameter of 0.001 inches. An image of the tungsten 
mesh is shown in Figure 2.2. 
Casing Inner Diameter Outer Diameter Casing Height Casing Mass
Material (mm) (mm) (mm) (g)
Al 7075 25.654 38.151 23.216 40.00
Al 2024 25.679 38.176 23.190 40.06
Al 5083 25.629 38.125 23.317 39.81
Al 7068 25.603 38.278 23.343 40.18
10% Mg 1 25.730 38.710 23.216 40.00
10% Mg 2 25.781 38.633 23.317 39.95
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Figure 2.2: Tungsten Mesh utilized in casing. 
Two other tungsten insert cases were manufactured in house in order to 
determine the effect of the insert geometry on performance. And two other 
tungsten insert cases were made with different geometries. One was a thin 
tungsten foil inserted in the middle of the casing. The other was a wrap of 
tungsten wire with wire diameter of 0.01 inches (0.25 mm) wrapped in the middle 
of the casing. All cases with a tungsten insert had the same mass of tungsten in 
them in order to assure the same amount of aluminum in all the cases.  
                   All cases were made through a casting method detailed in the 
following section. Important dimensions and masses of tungsten insert variation 
cases are given in Table 2.3. 
Table 2.3 Physical Properties of Tungsten Insert Variations 
 
2.1.4 Stainless Steel Insert Variation 
The final casing variation involved the addition of stainless inserts. The two 
inserts added to cases were a mesh insert identical to the tungsten mesh insert and 
a foil insert, exactly like the tungsten foil insert. These cases were created in order 
to determine the value of the insert material type. Stainless steel is also a more 
Casing Inner Diameter Outer Diameter Casing Height Casing Mass
Material (mm) (mm) (mm) (g)
W Mesh 1 25.933 38.887 23.216 40.20
W Mesh 2 25.883 39.167 23.165 40.00
W Wire 25.806 39.167 23.139 39.95
W Foil 25.857 38.862 23.089 40.07
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abundant material than tungsten and would be more economical. Important 
dimensions and masses of stainless steel insert variation cases are in Table 2.4. 
Table 2.4 Physical Properties of Stainless Steel Insert Variations 
 
 
2.2 Production of Reactive Casings 
All cases mentioned the preceding section were created by the author, in-house 
through machining and standard casting techniques. Aluminum alloys were 
purchased from external suppliers and then machined to the appropriate size. The 
custom aluminum-magnesium alloy case was sand casted and machined to size. 
The sand casting furnace and the casing once it was poured can be seen below in 
Figure 2.3. 
   
Figure 2.3: (L) Result of sand casted, Al-Mg Alloy case (R) Casting Furnace 
 The cases with either the tungsten or stainless steel inserts required 
slightly more detailed work than other casings. Two concentric tubes of aluminum 
Casing Inner Diameter Outer Diameter Casing Height Casing Mass
Material (mm) (mm) (mm) (g)
SS Mesh 1 25.756 38.659 23.317 39.83
SS Mesh 2 25.883 38.938 23.393 40.12
SS Foil 25.883 38.633 23.089 40.22
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6061 were machined to size with a small spacing in between them. The respective 
insert was then placed in the middle of these tubes. The tubes and insert were then 
placed in a graphite crucible with a graphite rod in the middle. The crucible was 
then placed in the sand casting furnace and heated to a temperature above the 
melting point of aluminum. This allowed for the aluminum to penetrate and fill 
around the respective insert for that casing. Once infiltration had been achieved, 
the mold was allowed to drop to room temperature, and the casing was removed 
and machined to size. The steps of this process can be seen below in Figure 2.4. 
   
Figure 2.4: (1) Assembly of Insert Variation Cases before Casting (2) Assembly in 
graphite mold (3) Casing after casting (4) Machined Casing 
 
2.3 Testing Setup 
All of the reactive casings were explosively initiated at the MECHSE Department, 
at the University of Illinois in air in a constant volume blast chamber. The 
chamber is a steel cube with 1.2 meter square sides. The optical port used for 
these tests can be seen below in Figure 2.5. If more detail of the chamber is 
desired, please see work described by Coverdill [39]. 
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Figure 2.5: Front view of blast chamber and side-on optical port 
There are a total of six different pressure sensors utilized in the blast 
chamber. These include two quasi-static pressure (QSP) transducers, and four 
transient pressure transducers. The two quasi-static pressure transducers are Gems 
#2200 series piezo resistive transducers. These transducers are mounted outside of 
the chamber and connected through tubing. One of the transducers is shown in 
Figure 2.6. 
 
Figure 2.6: GEMS 2200 QSP Transducer 
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 The transient pressure transducers are split into two different types. Two 
are PCB piezoelectric blast pressure pencil probes to measure the peak 
overpressure and blast impulse of each test. They are mounted at a 45-degree 
angle and at a distance of 24 inches (60.96 cm) from the detonation point. They 
allow a max pressure of 50 psi with resolution of 0.01 psi while having a rapid 
rise time of 4-6 µs. The mounting of the probes are presented in Figure 2.7. 
 
Figure 2.7: (L) Pencil probe mounted in chamber (R) Close up of PCB 
piezoelectric blast pressure pencil probe 
 The other two transient pressure transducers are Kulite XTEL-190A piezo 
resistive pressure transducers. These were utilized to measure peak overpressure, 
blast impulse, and the QSP of each blast. Both of these transducers were placed 
inside of a lollipop housing and magnetically attached to the floor of the chamber 
at a distance of 24 inches from the blast. The lollipop housing contains a knife-
like edge that is placed side on to the blast. This allows for the transducers to 
obtain an accurate reading that is devoid of most noise. The mounting of the 
sensors in the chamber is shown in Figure 2.7. An enlarged image of the 
transducer in the lollipop housing is shown in Figure 2.8. 
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Figure 2.8: Kulite XTEL-190 Transducer in Lollipop Housing for Side-on Blast 
Measurement 
 All transducers except the two pencil probes were calibrated through 
pressurization of the chamber by recording voltage outputs of the transducers at 
specified pressure values. Calibration curves were then created for the transducers 
with R2 values of 0.999. The two pencil probes must be dynamically calibrated. 
This is performed by PCB prior to shipment to our laboratory. 
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 The imaging for the tests was performed with two Cooke high speed 
framing cameras (HSFC). One was used for high speed imaging and the other for 
spectroscopy imaging. The images were taken from a side-on view and provided 
the breakout, expansion, and combustion of the casings once they were initiated. 
The placement of the cameras next to the chamber is shown in Figure 2.9. 
 
Figure 2.9: (L) High Speed Framing Cameras (R) Top view of lay out of HSFC 
next to blast chamber 
 
2.4 Heavy Confinement Design 
 An important discovery from the work performed by Clemenson was the 
large role that was played by the end confinement of casings for experiments [31]. 
In order to clarify this issue, a new heavy confinement setup was designed and 
implemented; it could be removed from the chamber whenever necessary. All 
components were made of steel. The base of the confinement is 1’ by 3’ by 1” 
The two side rods are 3’ tall with a 3” diameter. The top plate is 4” by 3’ by 1”. A 
1” by 22.75” rod is mounted to the bottom plate in the middle. The top plate has a 
round tube attached to it with a 1” screw in the top. Inside the top tube is a 1 inch 
diameter spring that is hand tightened before each test using the top screw. This 
provides the “heavy confinement” component of this design. Nylon spacers were 
then placed between the top and bottom steel posts and their respective anvils. 
The casing was then placed between the two anvils. The top anvil had a side hole 
drilled through it to allow the detonator wiring to run out. All of the cases were 
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detonated using standard Teledyne RISI RP-80 detonators. Images of each part of 
the heavy confinement are shown in Figure 2.10. (Detailed drawings of each 
component in the heavy confinement design can be found in Appendix A.)  
 
Figure 2.10: (1) Complete heavy confinement (2) Top rod (3) Spring layout (4) 
Mounting of casing between anvils 
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CHAPTER 3 RESULTS AND DISCUSSION 
 
 
 
 
3.1 Pressure Measurement Analysis 
Reactive casing performance is assessed mostly by the pressure measurements. 
As was described earlier, the blast chamber for this study has multiple pressure 
transducers that record QSP, peak overpressure, and blast impulse. For QSP, the 
average of all measurements is taken and then used in the calculation of the total 
energy release. The details to calculate the total energy release were given in the 
introduction section. In general, the standard deviation of QSP measurements 
from different transducers varied little for each test. It was in the range of 0.04 to 
0.10 psi and the average standard deviation was 0.061 psi. 
  The two Kulite transducers in lollipop housing are utilized for peak 
overpressure measurements. These values vary more due to the transient nature of 
the blast. There is no fitting performed for peak overpressure values. One reason 
for the slightly larger difference in values is the slight difference in response times 
between transducers. This results when the shock moves over the front of the 
transducer. When response time is slower, the peak overpressure value will be 
slightly lower. 
 The standard method for reporting blast impulse is finding the area under 
the initial blast wave in units of psi-ms. Since the actual blast wave is not as 
“clean” as described by theory, there tends to be small fluctuations in the initial 
blast wave. Since this is a common issue found in most blast wave analysis, there 
is a standardized method to properly analyze the blast impulse. This can be done 
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by fitting the decay from the initial blast wave to the Modified Friedlander 
Equation, Equation 3.1 [40]. 
   𝑃(𝑡) = 𝑃𝑂 + 𝑃𝑚𝑎𝑥 (1 −
𝑡
𝑇+
) 𝑒𝑥𝑝 (
−𝑏𝑡
𝑇+
)      (3.1) 
 The symbols are as follows: baseline pressure (PO), Peak Pressure (PMax), 
time (t), and time duration of positive phase impulse (T+). All blast impulse 
analysis for this study used the Modified Friedlander Equation and all fits had R2 
values larger than 0.981 [40] [41]. An example from the tests involving the use of 
the Modified Friedlander Equation can be seen below in Figure 3.1. The solid line 
is the pressure trace from one of the Al 6061baseline tests and the dotted line is 
the corresponding Friedlander fit.   
 
Figure 3.1: Modified Friedlander Equation Fit to initial blast wave from a 
baseline casing test 
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3.2 Repeatability of Tests 
A limiting part of performing multiple tests with HE is their high cost. This means 
that not all cases can be tested multiple times to assess repeatability.  For this 
reason, four different cases were strategically tested twice in order to assess 
repeatability. The four cases were the Al 6061 baseline, Al6061 with 10% 
magnesium, tungsten mesh insert, and stainless steel mesh insert. The baseline 
cases were chosen to provide a solid base for comparison of all cases. The alloy 
and insert cases were chosen to provide validity to the in-house casting techniques 
utilized and confirm the repeatability of the casting techniques as well. The 
repeatability of each pressure measurement for the QSP are given in Figure 3.2, 
peak overpressure are given in Figure 3.3, and blast impulse are given in Figure 
3.4.  
 
Figure 3.2: Eight separate tests results for four different configurations to 
demonstrate repeatability of reactive baseline QSP measurements 
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Figure 3.3: Eight separate tests results for four different configurations to 
demonstrate repeatability of peak overpressure measurements 
 
Figure 3.4: Eight separate tests results for four different configurations to 
demonstrate repeatability of blast impulse measurements 
 As can be seen in Figures 3.2, 3.3, and 3.4, all pressure measurements 
vary less than 3% from the mean for their respective test. Showing repeatability 
across a range of four different unique cases to this degree of accuracy allows for 
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the comparison of cases to be performed with confidence. Ranking of these 
configurations will be presented later in this chapter. 
 
3.3 Baseline and Annealed Casings Performance 
The first test series helped to establish a reactive material baseline for the entire 
study. Additional Al 6061 baseline cases were annealed as previously described in 
order to see the effects of a common metallurgical technique. The energy release 
comparison between the annealed cases and baseline cases can be seen below in 
Figure 3.5. The baseline casing outperformed the annealed casing by about 5% in 
terms of energy release. The energy conversion of the baseline and annealed cases 
was in the range of 7.5-8.5% of the total casing material.  
 
Figure 3.5: Comparison of energy release of baseline and annealed casings 
 The peak overpressure and blast impulse comparisons can be seen below 
in Figure 3.6. Counter to the energy release comparison, the annealed case 
showed small performance enhancements seen in the peak overpressure as well as 
the blast impulse. It appears the ductility of the casing led to a larger initial blast 
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wave. The larger energy release from the baseline casing might be attributed to 
IIR reaction with the walls. The increased ductility most likely caused a greater 
fragment size distribution compared to the annealed casing which lead to less IIR 
as compared to the baseline casing. Figure 3.7 presents images of the breakout of 
the two cases. The images display similar breakout without large differentiations. 
Magnification scales were not identical.  
 
Figure 3.6: Comparison of peak overpressure and blast impulse of baseline and 
annealed casings 
 
Figure 3.7: Imaging for baseline and annealed casings 
 
3.4 Aluminum Alloy Casings Performance 
A set of different aluminum alloys was tested in order to determine the effect of 
material properties such as strength and fracture toughness. The dashed line in 
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Figure 3.8 is the value for the baseline casing in order to provide quick 
comparison. All of the alloys performed similar to the baseline in terms of energy 
release except for the weak performance of 2024 aluminum alloy and better 
performance of the Al-Mg alloy. The 2024 aluminum alloy has a similar fracture 
toughness to the aluminum baseline, but has a much higher yield strength. On the 
other hand, the Al-Mg alloy showed much higher performance with an energy 
conversion of over 13% of the available energy which is almost 60% more 
efficient than the aluminum baseline. 
 
Figure 3.8: Comparison of energy release of aluminum alloy casings 
 Figure 3.9 shows the relative peak overpressure and relative blast impulse 
comparison for the alloy casings. Once again, the best performer is the Al-Mg 
alloy. This demonstrates the significant benefit when adding small amounts of 
reactive material to casings. Figure 3.10 further validates this claim by showing 
the early reactivity of the casing. The magnesium aids and encourages the early 
ignition of aluminum which improves all aspects of casing performance. A 
spectroscopic comparison of the Al-Mg alloy case to a baseline case provides 
more evidence to this claim. Figure 3.11 shows the Al-Mg alloy creates quicker 
reaction by the earlier AlO spectral signature seen during the casing breakout. 
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Figure 3.9 Comparison of relative peak overpressure and relative blast impulse of 
aluminum alloy casings 
 
Figure 3.10 Imaging for aluminum alloy casings; All magnifications are identical. 
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Figure 3.11 Spectroscopic comparison of Al 6061 baseline casing to Al-Mg alloy 
casing 
 
3.5 Tungsten Insert Casings Performance 
A driving factor for testing of tungsten insert casings was a result of work by 
Clemenson who found that a tungsten mesh improved performance [31]. The 
question was posed; is that mesh the best geometry for increased performance, or 
might another geometry of tungsten insert perform better? For this reason, there 
were three different tungsten insert variation tested. The dashed line in Figure 
3.12 is the energy release of the baseline casing and all three tungsten inserts 
outperform the baseline. The tungsten foil insert showed the least improvement 
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out of the three of the cases. This could be a result of the simple geometry of the 
foil. The tungsten mesh and tungsten wire likely provide more complex 
geometries that cause additional shock interaction and increase turbulent mixing 
during ignition.  
 
Figure 3.12: Comparison of energy release of tungsten insert casings 
 Figure 3.13 shows the relative peak overpressure and relative blast 
impulse comparison for the tungsten insert casings. The tungsten mesh is the best 
performer again, while the tungsten foil is slightly better than the tungsten wire. 
The images from each test, shown in Figure 3.14, show the early reaction in all 
three inserts. Pockets of reaction near the middle of each casing are observed 
which demonstrates the jetting effect caused by the dense tungsten. This is 
especially prevalent in the tungsten mesh casing.  
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Figure 3.13: Comparison of relative peak overpressure and relative blast impulse 
of tungsten insert casings 
 
Figure 3.14: Imaging for tungsten insert casings; All magnifications are identical. 
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3.6 Stainless Steel Insert Casings Performance 
 The stainless steel insert casings were tested for similar reasoning as the 
tungsten insert casings. The goal was to determine the effect of altering the 
material of the insert to see if it affected performance. Two different stainless 
steel insert variations were tested. As can be seen below in Figure 3.15, both of 
the stainless steel insert cases outperform the baseline in terms of overall energy 
release. The mesh insert showed a larger release than the foil insert, which is a 
similar result to the tungsten insert casings. The intricate geometry of the mesh 
when compared to the foil seems to once again play a large role with the 
improved performance. 
 
Figure 3.15: Comparison of overall energy release of stainless steel insert 
casings 
The relative peak overpressure and relative blast impulse of the two 
casings can be seen below in Figure 3.16. The stainless steel mesh performed 
better, while the stainless steel foil shows only slightly lower performance. They 
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still both provide improved performance in comparison to the baseline casing. 
Figure 3.17 shows the imaging comparison between the two shots. The mesh 
casing results indicate the jetting effect caused by that unique geometry. 
 
Figure 3.16: Comparison of relative peak overpressure and relative blast impulse 
of stainless steel insert casings 
 
Figure 3.17: Imaging for stainless steel insert casings; All magnifications are 
identical. 
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3.7 Best Casings Performance Comparison 
 The four different categories of casings each showed different 
improvements to blast performance. Comparison of the top performance casings 
provides a more complete view of performance enhancement from the entire 
study. This comparison can be seen in Figures 3.18 and 3.19 below. When 
compared to the baseline casing, the top three performers increased the total 
energy release by 59% (Al-Mg Alloy), 28% (W Mesh), and 17% (SS Mesh). That 
energy release for the Al-Mg alloy relates to an increase of 5% in total casing 
mass burned. An increase of 5% is quite significant when the energy density of 
aluminum is considered. While the Al-Mg alloy was the top performer relative to 
total energy release, the insert cases showed similar performance enhancements 
when looking at the relative peak overpressure and relative blast impulse in 
Figure 3.19. It seems that the IIR of the Al-Mg alloy fragments provides 
enhancement to the overall energy conversion. On the other hand, the tungsten 
mesh and stainless steel mesh cases create enough turbulence early on to provide 
increases in the peak overpressure and blast impulse. Note this does not mean that 
alloy casings should not be used in reactive casing applications. There may be 
instances when fragments are preferred, and the alloy casing would be a great 
choice. It can be seen though, that the mesh insert provides excellent blast 
enhancement. 
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Figure 3.18: Comparison of energy release of top performance casings 
 
 
 
Figure 3.19: Comparison of relative peak overpressure and relative blast impulse 
of top performance casings 
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CHAPTER 4 CONCLUSIONS 
 
 
 
 
A total of 18 explosive tests were performed to gain a better understanding into 
the dynamics and fundamental factors that aid improved reactivity in aluminum 
based structural energetic materials. This work attempted to build off of previous 
research performed by Clemenson and determine the scalability of certain 
conclusions found from his work [31]. The well-known Al 6061 casing was used 
as a baseline and compared to multiple casing variations including annealed 
casings, aluminum alloy casings, tungsten insert casings, and stainless steel insert 
casings. The subsequent conclusions summarize the insight extracted from the 
data: 
• The process of annealing showed small improvements in blast impulse and 
peak overpressure while also providing a decrease in overall energy 
release. It is recommended to employ the process of annealing to future 
blast applications that primarily require initial blast enhancement. 
 
• The addition of the reactive material of magnesium in the Al-Mg alloy 
showed the largest improvements across all areas of blast enhancement. 
The lower ignition temperature and heat addition from the magnesium aid 
and incites earlier aluminum fragment ignition.  
 
• The tungsten insert casings were tested to determine if there was an ideal 
geometry from inserts to take advantage of the detonation shock created 
from the high explosive. The most effective insert was the mesh insert and 
showed large primary blast enhancement. The mesh provided the greatest 
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ability for turbulent mixing to occur immediately after detonation of the 
high explosive.  
 
• The stainless steel insert casings provided a comparison for the tungsten 
insert casings in order conclude whether the material type of the insert 
played a role in blast enhancement. The stainless steel mesh showed 
similar performance improvement of the initial blast wave. It did show 
slightly worse performance in overall energy release, which means that 
IIR for the tungsten insert casings likely may have played a role. 
 
• A major part of the casing variations chosen for experimentation 
originated from the top performers from previous work by Clemenson. 
This study attempted to determine how the scaling of casings affected 
results. It was found that doubling the sizing of the cases and amount of 
high explosive showed similar results which provided evidence for the 
continued exploration of aluminum based structural energetic materials. 
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CHAPTER 5 RECOMMENDATIONS FOR FUTURE 
WORK 
 
 
 
There were many facts obtained from this study that should provide support to 
future experiments about aluminum based structural energetic materials. Still, 
there continues to be extensive research required in this field in order to aid 
prospective models of warheads for enhanced blast applications. 
 Scaling of casings was found to have similar conclusions as previous 
work. The size and energy output from the casings used in this study are 
approaching the limits of the current blast chamber. In order to scale up any 
larger, it is recommended that future tests be performed in larger chambers. 
 The performance of additive casing modifications was not explored in this 
study. Further tests that combine a magnesium alloy with a mesh would be 
recommended to determine if performance enhancements are additive at this 
scale.  
 The role of fragmentation and collection of fragments had to be neglected 
for this study. Finding improved techniques to collect fragments and prevent IIR 
at the chamber walls would provide more data for analysis. The higher velocity of 
fragments makes it difficult to prevent IIR at this scale of testing, but utilization 
of high density foams could prove useful. 
 Modeling and simulation of the entire casing process would of course, 
increase basic understanding of the phenomena involved and guide future 
research. More specifically, further studies into fragmentation and how fragments 
interact at the microscale with detonation products would assist immensely in 
determining the best methods for blast enhancement.   
45 
 
 
 
REFERENCES 
References 
 
[1]  J. Dupays, Y. Fabignon, O. Orlandi and J. Trubert, "Combustion of aluminum 
nanoparticles in solid rocket motors," ODAS 2000 - ONER - A/DLR Aerospace 
Symposium, p. Vol. 177, 2000.  
[2]  L. Orth and H. Krier, "Shock physics for nonideal detonations of metallized 
energetic explosives," 27th Symposium on Combustion - The Combustion Institute, 
1998.  
[3]  F. Zhang and W. Wilson, "The effect of charge reactive metal cases on air blast," 
Shock Compression of Condensed Matter, pp. 149-152, 2009.  
[4]  J. Akhavan, The Chemistry of Explosives, The Royal Society of Chemistry, Thomas 
Graham House, 1998.  
[5]  R. Fifer and J. Morris, "Techniques for the estimation of heats of explosion using 
thermochemical codes," Army Research Laboratory Technical Report vol. ARL-TR-
195, 1993. 
[6]  D. Burgess, "NIST Chemistry WebBook," NIST Standard Reference Database 
Number 69, 2014. [Online]. Available: http://webbook.nist.gov. 
[7]  R. Friedman and A. Macek, "Ignition and combustion of aluminum particles in hot 
ambient gases," Combustion and Flame, vol. 6, pp. 9-19, 1961.  
[8]  M. Trunov, M. Shoenitz and E. Dreizin, "Igntion of aluminum powders under 
different experimental conditions," Propellants, Explosives, and Pyrotechnics, vol. 
30, no. 1, pp. 36-43, 2005.  
[9]  A. Jennrich, C. Delaney, M. Clemenson, H. Krier and N. Glumac, "Rapid combustion 
of tungsten in w/zr mechanical alloys," in Central States Section of the Combustion 
Institute, 2012.  
[10]  K. Kim, W. Wilson, J. Quintana, J. Roybal, J. Rocco, C. Watry, M. Brown, T. Zahrah, 
N. Glumac and M. Clemenson, "Detonation initiated chemical reactions in 
structural energetic materials," in 15th International Detonation Symposium, 2014.  
[11]  D. Grady, "Fragmentation of Rings and Shells," in Shock Wave and High Pressure 
Phenomena, Springer-Verlag Berlin Heidelberg, 2006.  
[12]  H. Zhang and K. Ravi-Chandar, "Dynamic fragmentation of ductile materials," 
Journal of Physics D: Applied Physics, vol. 42, 2009.  
[13]  L. Davison, A. Stevens and M. Kipp, "Theory of spall damage accumulation in 
ductile metals," Jour. Mech. Phys. Solids, vol. 25, no. 11, 1976.  
46 
 
[14]  M. Singh, H. Suneja, M. Bola and S. Prakash, "Dynamic tensile deformation and 
fracture of metal cylinders at high strain rates," International Journal of Impact 
Engineering, vol. 27, pp. 939-954, 2001.  
[15]  N. F. Mott, "A theory of the fragmentation of shells and bombs," Ministry of 
Supply, vol. A.C. 4035, 1943.  
[16]  N. F. Mott, "Fragmentation of shell casings and the theory of rupture in metals," 
Ministry of Supply, vol. A.C. 4613, 1943.  
[17]  D. Grady, M. Kipp and D. Benson, "Energy and statistical effects in the dynamic 
fragmentation of metal rings," Institure of Physics Conference Series, vol. 70, pp. 
315-320, 1984.  
[18]  D. Grady and M. Olsen, "A Statistics and energy based theory of dynamic 
fragmentation," International Journal of Impact Engineering, vol. 29, pp. 293-306, 
2003.  
[19]  D. Grady and D. Benson, "Fragmentation of metal rings by electromagnetic 
loading," Experimental Mechanics, vol. 23, no. 4, pp. 393-400, 1983.  
[20]  T. Bazyn, H. Krier and N. Glumac, "Evidence for the transition from the diffusion 
limit in aluminum particle combustion," Proceedings of the Combustion Institute, 
vol. 31, pp. 2021-2028, 2007.  
[21]  P. Bucher, R. Yetter, F. Dryer, T. Parr, D. Hanson-Parr and E. Vicenzi, "Flame 
structure measurement of single, isolated aluminum particles burning in air," 
Twenty-Sixth Symposium of the Combustion Institute, pp. 1899-1908, 1996.  
[22]  P. Bucher, R. Yetter, F. Dryer, T. Parr and D. Hanson-Parr, "Plif species and 
ratiometric measurements of aluminum particle combustion in O2, CO2, and N2O 
oxidizers, and comparison with model calculations," Twenty-Seventh Symposium 
of the Combustion Institute, pp. 2421-2429, 1998.  
[23]  I. Glassman and R. Yetter, Combustion 4th ed., Elsevier: Academic Press, 2008.  
[24]  M. W. Beckstead, "Correlating aluminum burning times," Combustion, Explosion, 
and Shock Waves, vol. 41, pp. 533-546, 2005.  
[25]  P. Lynch, H. Krier and N. Glumac, "A correlation for burn time of aluminum 
particles in the transition regime," Proceedings of the Combustion Institute, vol. 
32, pp. 1887-1893, 2009.  
[26]  T. Bazyn, H. Krier and N. Glumac, "Oxidizer and pressure effects on the combustion 
of 10 micron aluminum particles," Journal of Propulsion and Power, vol. 21, no. 4, 
2005.  
[27]  T. Bazyn, H. Krier and N. Glumac, "Combustion of nanoaluminum at elevated 
pressure and temperature behind reflected shock waves," Combustion and Flame, 
vol. 145, pp. 703-713, 2006.  
[28]  T. Bazyn, "Spectroscopic measurements of the combustion of aluminum and 
aluminum-based energetic material particles using a heterogeneous shock tube," 
PhD Thesis, MECHSE Department University of Illinois at Urbana-Champaign, 2006. 
47 
 
[29]  P. Lynch, "High temperature spectroscopic measurements of aluminum 
combustion in a heterogeneous shock tube," PhD Thesis, MECHSE Department 
University of Illinois at Urbana-Champaign, 2010. 
[30]  W. Wilson, L. Benningfield and K. Kim, "Blast effects of cased explosives in a two-
room structure," International Pyrotechnics Seminar, pp. 163-167, 2009.  
[31]  M. Clemenson, "Enhancing Reactivity in Aluminum-Based Structural Energetic 
Materials," PhD Thesis, MECHSE Department University of Illinois at Urbana-
Champaign, 2015. 
[32]  N. Glumac, M. Clemenson, J. Guadarama and H. Krier, "Reactivity and 
Fragmentation of Aluminum-based Structural Energetic Materials under Explosive 
Loading," in APS Topical Conference on the Shock Compression of Matter, 2015.  
[33]  M. Whittaker, R. Cutler and P. Anderson, "Boride-based materials for energetic 
applications," Mater. Res. Soc. Symp. Proc., vol. 1405, 2012.  
[34]  M. Shoenitz and E. Dreizin, "Oxidation processes and phase changes in metastable 
al-mg alloys," Journal of Propulsion and Power, vol. 20, no. 6, 2004.  
[35]  T. Tillotson, A. Gash, R. Simpson, L. Hrubesh, J. Satcher and F. Poco, 
"Nanostructured energetic materials using sol-gel methodologies," Journal of Non-
Crystalline Solids, pp. 338-345, 2001.  
[36]  P. Gilman and J. Benjamin, "Mechanical alloying," Ann. Rev. Mater. Sci, vol. 13, pp. 
279-300, 1983.  
[37]  M. Minnicino, D. Gray and P. Moy, "Aluminum alloy 7068 mechanical 
characterization," Army Research Laboratory Report, 2009. 
[38]  E. Popov, L. Kashporov, V. Mal'tsev and A. Breiter, "Combustion mechanism of 
aluminum-magnesium alloy particles," Combusion, Explosion, and Shock Waves, 
vol. 9, no. 2, pp. 204-208, 1973.  
[39]  A. Coverdill, "Explosive initiation of tungsten based reactive materials in air," 
Master's Thesis, MECHSE Department University of Illinois at Urbana-Champaign, 
2010. 
[40]  W. Baker, Explosions in Air, University of Texas Press, 1973.  
[41]  M. Ismail and S. Murray, "Study of the blast wave parameters from small scale 
explosions," Propellants, Explosives, and Pyrotechnics, vol. 18, pp. 11-17, 1993.  
 
 
 
 
 
  
48 
 
APPENDIX A DRAWINGS FOR HEAVY 
CONFINEMENT PARTS 
In this appendix are all drawings required to recreate the heavy confinement set 
up used for the tests. 
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Figure A.1: Complete Heavy Confinement Design 
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Figure A.2: Base Plate 
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Figure A.3: Rod 
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Figure A.4: Top Plate 
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Figure A.5: Bottom Post 
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Figure A.6: Tube 
  
55 
 
 
Figure A.7: Top Anvil 
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Figure A.8: Bottom Anvil 
 
